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Two  primary  areas  of  progress  have  been  made  over  the  past  year  and  a  half  on  this  research  program.  The  first  is  the 
development  of  planar  Schottky  diode  fabrication  technologies  for  detectors  and  sources  to  be  used  in  spectroscopic 
instrumentation.  The  second  area  of  progress  is  the  research  and  development  of  a  sampled-line  analyzer  for  the 
measurement  of  complex  reflection  coefficients  (both  magnitude  and  phase).  The  sampled-line  analyzer  uses  a  relatively 
simple  circuit  architecture  and  will  allow  our  measurement  capabilities  to  be  extended  beyond  W-band  and  to  frequencies 
approaching  1  THz.  This  will  allow  us  to  measure  and  accurately  characterize  the  absorption  spectra  of  different  chemical 
and  biological  samples  in  the  spectral  range  that  is  currently  difficult  to  access.  The  compact  and  simple  design  of  the 
instrument  makes  it  amenable  to  scaling  to  terahertz  frequencies  and  suitable  for  use  in  a  non-laboratory  environment. 
Descriptions  of  our  work  in  these  two  areas  are  given  below: 

Processing  Technologies  for  Planar  Integrated  Diodes 

A  major  focus  on  our  research  is  to  make  terahertz  technology  practical  for  U.S.  Army  applications.  One  of  the  major 
impediments  is  the  present  reliance  on  the  soldering  of  discrete  diode  chips.  The  imprecision  of  handling  and  soldering 
microscopic  structures  creates  problems  related  to  reliability,  repeatability,  and  cost.  We  are  developing  a  beamlead 
process  that  will  be  suitable  for  application  throughout  the  terahertz  frequency  band  and  will  help  eliminate  these 
difficulties  without  sacrificing  circuit  performance. 

The  student  supported  on  this  project  is  K.  Wade  Nye.  He  is  working  under  the  direction  of  Prof.  T.  Crowe  with  assistance 
from  W.Bishop.  As  a  team,  we  have  investigated  the  various  processes  that  are  used  by  industry  at  microwave 
frequencies.  Based  on  these,  we  have  identified  the  following  processes  for  fabricating  beamlead  diodes  for  frequencies 
beyond  100  GHz: 

o  A  beam  undercut  process  that  uses  a  wet  GaAs  etch  to  undercut  the  beams  after  the  diode 
fabrication  is  complete.  A  simple  backside  etching  then  released  the  chip  structure  from 
the  wafer 

o  A  backside  alignment  and  etching  process  that  uses  a  masked  etch  from  the  back  of  the 
wafer  to  define  the  chip  dimensions  after  the  wafer  is  lapped  to  the  final  chip  thickness  of 
30 — 40  Tm. 

o  A  front-side  process  whereby  the  sides  of  the  chip  structure  are  formed  by  a  wet  GaAs 
etch  before  the  beams  are  formed.  The  beams  are  then  formed  on  the  sloped  edges  of  the 
chip  and  a  careful  backside  lapping  and  etching  step  frees  the  individual  chips, 
o  A  mesa  formation  and  planarization  process  that  uses  a  wet  GaAs  etch  to  form  mesas  that 
are  then  refilled  with  a  temporary  material  such  as  epoxy.  Then  the  beam  leads  are  formed, 
the  wafer  is  lapped  to  the  final  chip  thickness  and  the  chips  are  released  by  dissolving  the 
epoxy. 

Each  of  these  processes  has  benefits  and  drawbacks.  We  are  continuing  to  perform  trials  of  each  of  the  key 
processing  steps  and  have  fabricated  prototype  chip  structures.  We  plan  to  evaluate  these  steps  and  determine  the 
best  process  based  on  our  existing  facilities  and  the  desire  to  eventually  use  beam  leads  for  discrete  millimeter-wave 
chips,  quartz  integrated  circuits  for  1  THz  and  above,  and  membrane  chips  suspended  in  waveguide  by  the  beams. 

Sampled-Line  Analyzers  for  Millimeter/Submillimeter-Wave  Measurements 

Scattering  parameter  measurements  based  on  vector  network  analysis  play  a  critical  role  in  the  design  and 
development  of  modem  microwave  components.  In  fact,  scattering  parameter  measurement  techniques  are 
frequently  used  to  study  and  analyze  the  properties  of  dielectrics  and  other  materials  as  well  as  quasi-optical 


components  such  as  mesh  filters.  Unfortunately,  the  size,  cost,  and  complexity  of  modem  network  analyzers  often 
preclude  their  use  in  non-laboratory  environments.  In  addition,  commercial  network  analyzers  are  typically  limited 
in  operation  to  W-band  (75—110  GHz),  with  extensions  to  higher  frequencies  being  both  cumbersome  and 
expensive.  Over  the  past  several  years,  a  number  of  investigators  have  explored  alternatives  to  the  traditional  four- 
port  architecture  of  network  analyzers  based  on  the  vector  voltmeter.  Much  of  this  work  has  been  motivated  by  the 
need  to  characterize  new  devices  and  components  that  are  capable  of  operating  far  beyond  W-band  as  well  as  to 
measure  the  properties  of  materials  in  the  submillimeter-wave  range.  Because  of  the  relative  difficulty  in 
implementing  complex  or  intricate  circuit  designs  at  millimeter  and  submillimeter  wavelengths,  simple  architectures 
tend  to  be  preferred  and  generally  yield  superior  performance  at  frequencies  exceeding  1 00  GHz. 

The  sampled  line  analyzer  is  a  relatively  simple  version  of  the  six-port  reflectometer  introduced  in  the  1970s  s  by 
Enaen.  The  six-port  architecture  removes  the  requirement  for  a  vector  voltmeter  and  the  magnitude  and  phase  of  an 
unknown  reflection  coefficient  are  determined  from  an  ensemble  of  four  power  measurements.  In  the  sampled-line 
implementation  of  the  six-port  reflectometer,  the  power  detectors  are  diodes  that  sample  the  standing  wave  at 
discrete  points  along  a  section  of  transmission  line.  As  a  result,  the  sampled-line  analyzer  is  reminiscent  of  the 
slotted-line  that  is  commonly  used  for  waveguide  reflection  coefficient  measurements. 

Over  the  past  year  and  a  half,  we  have  developed  two  sampled-line  analyzers  as  proof-of-principle  demonstrations 
operating  in  both  the  millimeter  (W-band)  and  submillimeter-wave  (270 — 285  GHz)  regions.  These  analyzers  are 
fully  described  in  the  following  attached  documents: 

1.  S.  Qlker.  R.M.  Weikle,  I,  "A  Millimeter- Wave  Six-Port  Reflectometer  Based  on  the  Sampled- 
Transmission  Line  Architecture,”  IEEE  Microwave  and  Wireless  Components  Lett.,  vol.  1 1,  no.  8,  pp. 
340-342,  August  2001 

2.  S.  □  lker,  R.M.  Weikle,  II.  “A  Sampled-Line  Reflectometer  for  Submillimeter-Wave  Measurements,” 
submitted  to  the  2001  MTT-S  Int.  Microwave  Symposium,  Seattle,  WA  June  2002. 
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A  Millimeter- Wave  Six-Port  Reflectometer  Based  on 
the  Sampled-Transmission  Line  Architecture 

Sadik  Ulker,  Student  Member ,  IEEE  and  Robert  M.  Weikle,  II,  Member,  IEEE 


Abstract —  This  letter  presents  a  proof-of-concept  imple¬ 
mentation  of  a  millimeter-wave  reflectometer  for  measuring 
complex  reflection  coefficients.  The  reflectometer  is  based 
on  the  six-port  architecture  and  consists  of  a  single  section 
of  WR-10  rectangular  waveguide  and  a  set  of  three  Schot- 
tky  power  detectors.  Design  considerations  as  well  as  mea¬ 
surements  in  the  75  to  110  GHz  range  are  described  and 
discussed.  Because  of  its  simple  architecture,  the  reflec¬ 
tometer  is  amenable  to  scaling  for  measurements  well  into 
the  submillimeter- wave  region  of  the  spectrum. 

Keywords —  Network  analyzers,  six-port  reflectometers, 
Schottky  detectors. 


I.  Introduction 

SCATTERING  PARAMETER  measurements  based  on 
vector  network  analysis  play  a  critical  role  in  the  de¬ 
sign  and  development  of  modern  microwave  components. 
In  fact,  scattering  parameter  measurement  techniques  are 
frequently  used  to  study  and  analyze  the  properties  of  di¬ 
electrics  and  other  materials  [1]  as  well  as  quasi-optical 
components  such  as  mesh  filters  [2].  Unfortunately,  the 
size,  cost,  and  complexity  of  modern  network  analyzers  of¬ 
ten  preclude  their  use  in  non-laboratory  environments.  In 
addition,  commercial  network  analyzers  axe  typically  lim¬ 
ited  in  operation  to  W-band  (75-110  GHz),  with  extensions 
to  higher  frequencies  being  both  expensive  and  cumber¬ 
some  [3]. 

Over  the  past  several  years,  a  number  of  investigators 
have  explored  alternatives  to  the  traditional  four-port  net¬ 
work  analyzer  based  on  the  vector  voltmeter  [2,4-6].  Much 
of  this  work  has  been  motivated  by  the  need  to  charac¬ 
terize  new  devices  and  components  that  are  capable  of 
operating  far  beyond  W-band  as  well  as  to  measure  the 
properties  of  materials  in  the  submillimeter- wave  range. 
Because  of  the  relative  difficulty  in  implementing  complex 
or  intricate  circuit  designs  at  millimeter  and  submillimeter 
wavelengths,  simple  architectures  tend  to  be  preferred  and 
generally  yield  superior  performance  at  frequencies  exceed¬ 
ing  100  GHz. 

In  this  paper,  we  present  a  proof-of-concept  six-port  re¬ 
flectometer  for  millimeter-wave  measurements  that  is  based 
on  the  sampled-transmission  line  architecture  first  pro¬ 
posed  and  demonstrated  by  Williams  [7].  Because  of  its 
simple  structure,  the  sampled-line  reflectometer  has  out¬ 
standing  potential  for  being  scaled  to  the  submillimeter- 
wave  region  of  the  spectrum. 

The  authors  are  with  the  School  of  Engineering  and  Applied  Sci¬ 
ence,  University  of  Virginia,  Charlottesville,  VA  22904,  U.S.A. 

This  work  was  supported  by  the  U.S.  Army  Research  Office  under 
grants  DAAG55-98-1-0489  and  DA  AD  19-00-1-0404. 


f  octave 


2nd  octave 


Signal  Source 


^octave 


Transmission  Line 


Fig.  1.  Basic  structure  of  the  sampled-transmission  line  six-port 
reflectometer  (based  on  [7]).  A  set  of  power  detectors  samples  the 
voltage  standing  wave  along  a  section  of  transmission  line. 


II.  Reflectometer  Design 

The  sampled-line  analyzer  (shown  in  figure  1)  is  a  rel¬ 
atively  simple  version  of  the  six-port  reflectometer  intro¬ 
duced  by  Engen  [8,9].  The  six-port  architecture  removes 
the  requirement  for  a  vector  voltmeter  and  the  magnitude 
and  phase  of  an  unknown  reflection  coefficient  are  deter¬ 
mined  from  an  ensemble  of  four  power  measurements.  In 
the  sampled-line  implementation  of  the  six-port  reflectome¬ 
ter,  the  power  detectors  are  diodes  that  sample  the  voltage 
standing  wave  at  discrete  points  along  a  section  of  trans¬ 
mission  line.  As  a  result,  the  sampled-line  reflectometer 
is  reminiscent  of  the  standard  slotted-line  used  to  measure 
standing  waves  in  waveguide. 

It  has  been  shown  that  only  three  power  detectors  are 
required  for  the  sampled-line  architecture  if  the  load  be¬ 
ing  measured  is  known  to  be  passive  [7,8].  Effectively,  this 
reduces  the  sampled-line  analyzer  to  a  five-port  reflectome¬ 
ter.  To  eliminate  aliasing,  the  standing-wave  voltages  along 
the  transmission  line  are  sampled  at  intervals  not  exceeding 
a  half-wavelength.  Consequently,  a  triplet  of  diode  detec¬ 
tors  spaced  by  A/6  will  allow  the  reflection  coefficient  to  be 
measured  over  an  octave  of  bandwidth  (see  figure  1). 

A  diagram  of  the  millimeter-wave  reflectometer  investi¬ 
gated  in  this  work  is  shown  in  figure  2(a).  The  circuit  con¬ 
sists  of  a  5  cm  long  section  of  WR-10  waveguide  (with  inner 
dimensions  of  2.54  mm  1.27  mm)  and  three  microstrip- 
to-waveguide  probes  spaced  700  fim  (A5/6  at  92.5  GHz) 
apart.  The  waveguide  probes  are  fabricated  on  125  /zm 
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Fig.  2.  (a)  Diagram  of  the  W-band  sampled-line  reflectometer.  Shal¬ 
low  side  channels  parallel  to  the  waveguide  accommodate  wirebond 
connections  for  dc  return-to-ground,  (b)  Close-up  view  of  the  quartz 
microstrip  probe  and  low-pass  filter  section,  (c)  Diagram  of  the  UVA 
SC2T1  planar  Schottky  diode  chip. 

thick  quartz  substrates  and  lie  in  shallow  cross  channels  as 
shown  in  figure  2.  UVA  SC2T1  planar  Schottky  diodes  fab¬ 
ricated  at  the  University  of  Virginia,  shown  in  figure  2(c), 
are  flip-chip  mounted  across  250  ^ m  wide  gaps  in  the  mi¬ 
crostrip  circuits.  These  diodes,  which  are  typically  used  for 
mixer  applications  at  submillimeter  wavelengths,  are  used 
as  square-law  detectors  that  sample  the  magnitude  of  the 
electric  field  at  three  points  along  the  waveguide.  Ao/4-long 
bond  wires  shorted  to  the  waveguide  housing  provide  dc  re¬ 
turn  and  the  detector  outputs  Eire  measured  with  a  set  of 
Keithley-2000  64-digit  multimeters.  Five-section  stepped- 
impedance  microstrip  low-pass  filters  (with  high  impedance 
sections  of  145  and  low  impedance  sections  of  48  ft)  block 
the  millimeter-wave  signal  from  propagating  to  the  detec¬ 
tion  circuitry. 

III.  Calibration'  Procedure 

As  with  all  six-port  reflect ometers,  calibration  of  the 
sampled-line  reflectometer  consists  of  two  steps.  In  the 
initial  step,  the  six-port  network  is  converted  to  an  equiva¬ 
lent  four-port  reflectometer.  The  details  of  this  procedure 
are  well-documented  and  will  not  be  repeated  here  [8,10]. 
The  six-port  to  four-port  conversion  involves  finding  five 
calibration  constants  that  are  a  property  of  the  network 


Fig.  3.  Plot  of  the  detected  power  ratios  P5/P4  vs.  P3/P4  for 
the  sampled-line  reflectometer  at  various  sliding  backshort  positions. 
Data  is  shown  for  both  75  GHz  and  105  GHz.  A  least-squares  fit 
to  the  ellipses  provides  the  calibration  constants  for  the  six-port  to 
four-port  conversion. 

architecture  [8].  This  calibration  step  is  most  easily  ac¬ 
complished  using  a  sliding  termination.  With  P3,  P4  and 
P5  denoting  the  measured  outputs  of  the  three  power  de¬ 
tectors  (see  figure  2),  Engen  has  shown  that  the  sliding 
termination  traces  out  an  ellipse  in  the  P5/P4-P3/P4  plane 
[10].  A  least-squares  fit  to  the  data  allows  the  five  calibra¬ 
tion  constants  to  be  determined. 

A  plot  of  the  calibration  ellipses  at  75  and  105  GHz  for 
the  W-band  sampled-line  reflectometer  is  shown  in  figure 
3.  For  measurements  throughout  the  75—110  GHz  range, 
sliding  short  measurements  were  taken  using  a  noncon¬ 
tacting  WR-10  tunable  backshort  (Millitech  TSC-1O-R000) 
and  the  calibration  constants  were  determined  for  each  fre¬ 
quency  point  of  interest  by  least-squares  fitting  to  the  mea¬ 
sured  data. 

The  second  step  of  the  calibration  procedure  consists 
of  the  familiar  technique  of  using  three  well-characterized 
standard  loads  to  determine  the  error  coefficients  in  the 
four-port  reflectometer  model.  In  this  work,  WR-10  cali¬ 
bration  standards  (a  matched  termination,  a  short,  and  an 
offset  short)  from  the  HP  W11644A  calibration  kit  were 
used  for  this  step. 

IV.  Measurements 

The  sampled  line  reflectometer  illustrated  in  figure  2  was 
evaluated  using  a  variety  of  different  loads  and  compar¬ 
ing  the  measured  reflection  coefficients  with  those  obtained 
with  an  HP  8510C  millimeter-wave  vector  network  ana¬ 
lyzer.  The  basic  measurement  setup  is  shown  in  figure  4. 
A  variable  attenuator  placed  at  the  reflectometer  input  al¬ 
lows  the  input  power  to  be  adjusted  appropriately  so  that 
the  Schottky  detectors  operate  in  the  square-law  region.  A 
second,  fixed  attenuator  (3  dB)  is  placed  between  the  re¬ 
flectometer  and  load  being  measured.  This  output  atten¬ 
uator  eliminates  the  deep  standing-wave  nulls  that  occur 
when  the  reflectometer  is  connected  to  a  load  with  reflec¬ 
tion  coefficient  magnitude  close  to  unity.  Small  errors  in 
measuring  the  magnitude  of  these  nulls  can  result  in  sig¬ 
nificant  uncertainty  in  the  resulting  calculated  reflection 
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ter.  The  output  of  an  HP8510C  millimeter- wave  network  analyzer  is 
used  for  the  swept  source. 


coefficient. 

Figure  5  shows  return  loss  (sn)  measurements  made  for 
a  WR-10  E-plane,  H-plane  waveguide  tuner  (Milltech  EHT- 
10-R000).  Because  of  its  large  variation  in  return  loss  mag¬ 
nitude  and  phase  over  the  75  GHz  to  110  GHz  range,  the 
tuner  provides  a  reasonable  test  on  the  performance  of  the 
sampled-line  reflectometer.  The  input  power  level  used  for 
these  measurements  was  typically  less  than  300  /xW  and 
the  detector  diodes  were  forward  biased  to  0.08  mA.  Figure 
5  shows  that  the  return  loss  measured  using  the  sampled- 
line  reflectometer  compares  relatively  well  to  that  obtained 
from  an  HP  85 10C  network  analyzer  over  the  entire  WR-10 
waveguide  band,  with  the  largest  discrepancy  occurring  in 
the  81-84  GHz  range.  Over  this  frequency  band  the  mea¬ 
sured  output  of  the  detectors  was  near  the  noise  floor  of  our 
measurement  system,  resulting  in  larger  errors  in  the  cal¬ 
culated  reflection  coefficient.  This  behavior  suggests  poor 
RF  coupling  between  the  waveguide  and  diodes  in  the  81- 
84  GHz  band  and  is  likely  due,  in  part,  to  misalignments 
associated  with  manual  assembly  of  the  reflectometer. 

V.  Summary 

This  letter  has  described  a  proof-of-concept  demonstra¬ 
tion  of  a  millimeter- wave  reflectometer  based  on  the  six- 
port  network  architecture.  The  reflectometer  design  and 
performance  over  the  75  to  110  GHz  range  have  been  pre¬ 
sented  and  discussed.  Because  it  consists  of  only  a  single 
section  of  waveguide  and  a  set  of  Schottky  power  detectors, 
the  reflectometer  is  amenable  to  scaling  to  much  higher 
frequencies.  Future  work  will  focus  on  extending  this  tech¬ 
nique  to  the  submillimeter  range  where  diagnostic  and  test 
instrumentation  is  both  expensive  and  scarce. 
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Abstract —  A  reflectometer  designed  for  operation  at 
submillimeter  wavelengths  and  based  on  the  sampled- 
transmission  line  architecture  is  described.  The  reflectome¬ 
ter  is  a  relatively  simple  implementation  of  the  six-port  net¬ 
work  analyzer  introduced  by  Engen  and  consists  of  a  section 
of  rectangular  waveguide  and  an  ensemble  of  Schottky  diode 
power  detectors.  Design  considerations  for  the  instrument 
are  described  and  measurements  in  the  270  GHz  to  285  GHz 
range  are  presented  and  discussed. 

Keywords —  Six-port  network  analyzers,  submillimeter- 
wave  systems,  reflectometers,  Schottky  diodes. 

I.  Introduction 


f  octave 


2nd  octave 


THE  TEST  AND  measurement  infrastructure  that  has 
played  such  a  pivotal  role  in  the  development  of  mi¬ 
crowave  and  millimeter- wave  systems  is  either  scarce,  ex¬ 
pensive  and  complex,  or  does  not  exist  for  much  of  the 
submillimeter-wave  region.  This  is  unfortunate  because  the 
submillimeter-wave  spectrum  has  long  been  recognized  as 
a  fruitful  region  for  fundamental  research,  particularly  in 
radio  astronomy  [1],  atmospheric  remote  sensing  [2]  and 
molecular  spectroscopy.  More  recently,  scientists  and  en¬ 
gineers  have  begun  to  recognize  the  potential  of  submil¬ 
limeter  systems  in  applications  ranging  from  scaled  radar 
range  measurements  to  the  detection  and  monitoring  of 
chemical  and  biological  warfare  agents  [3] .  Because  of  the 
importance  of  these  and  other  applications,  a  significant  ef¬ 
fort  has  been  focused  on  developing  electronics  capable  of 
operating  at  submillimeter  wavelengths.  Still,  the  limited 
availability  of  diagnostic  instrumentation  remains  a  major 
obstacle  limiting  full  use  and  exploration  of  the  submillime¬ 
ter  portion  of  the  electromagnetic  spectrum. 

The  lack  of  instrumentation  for  measuring  scattering- 
parameters  in  the  submillimeter  region  has  prompted  a 
number  of  investigators  to  explore  methods  for  extending 
traditional  four-port  analyzers  to  higher  frequencies  [4.5]  as 
well  as  finding  alternative  network  analyzer  architectures 
[6,7].  An  attractive  technique  for  realizing  a  submillimeter- 
wave  s-parameter  measurement  system  is  based  on  the  six- 
port  reflectometer  proposed  and  developed  by  Engen  [8,9]. 
In  this  paper,  we  present  a  submillimeter- wave  implemen¬ 
tation  of  the  six-port  reflectometer  based  on  a  sampled- 
transmission  line  structure.  Design  considerations  and  cal¬ 
ibration  of  the  instrument  are  discussed  and  measurements 
over  the  270-285  GHz  band  are  presented. 

The  authors  are  with  the  School  of  Engineering  and  Applied  Sci¬ 
ence.  University  of  Virginia,  351  McCormick  Road,  Charlottesville, 
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Fig.  1.  Basic  architecture  of  the  sampled-transmission  line  six-port 
reflectometer  (based  on  the  work  of  Williams  [11]).  A  set  of  power 
detectors  samples  the  standing  wave  on  the  section  of  transmission 
line. 

II.  Background 

The  sampled-line  analyzer  was  introduced  by  Williams 
[10]  and  is  a  relatively  simple  version  of  the  six-port  re¬ 
flectometer.  The  basic  instrument,  shown  in  figure  1,  con¬ 
sists  of  a  single  section  of  transmission  line  and  an  ensem¬ 
ble  of  power  detectors.  The  detectors  sample  the  stand¬ 
ing  wave  at  discrete  points  along  the  transmission  line  and 
the  error-corrected  reflection  coefficient  is  computed  from 
power  measurements  through  a  bilinear  transformation. 

It  has  been  shown  that  only  three  power  detectors  are 
required  if  the  load  being  measured  is  known  to  be  passive 
[8,10].  Effectively,  this  apriori  knowledge  (which  is  nearly 
always  valid  at  submillimeter  wavelengths)  reduces  the  six- 
port  analyzer  to  a  five-port  reflectometer.  To  eliminate 
aliasing,  the  standing  wave  along  the  transmission  line  is 
sampled  at  intervals  not  exceeding  a  half-wavelength.  Con¬ 
sequently,  a  triplet  of  detectors  spaced  by  A5/6  (where  Xg 
is  the  guide  wavelength)  will  permit  reflection  coefficient 
measurements  of  passive  loads  over  an  octave  bandwidth. 
The  operating  range  of  the  instrument  can  be  extended  to 
several  octaves  by  adding  extra  power  detectors  as  shown 
in  figure  1. 

As  with  all  six-port  reflectometers,  calibration  of  the 
sampled-line  analyzer  consists  of  two  steps.  In  the  initial 
calibration  step,  the  six-port  network  is  converted  to  an 
equivalent  four-port  reflectometer.  This  conversion,  which 
involves  finding  five  calibration  constants  that  are  a  prop¬ 
erty  of  the  network  architecture,  is  most  easily  accom- 
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Fig.  2.  (a)  Photograph  of  the  submillimeter  sampled-line  refiec- 

tometer.  (b)  Diagram  showing  details  of  the  microstrip  probes  and 
waveguide  channels. 


plished  using  a  sliding  termination.  Details  of  this  pro¬ 
cedure  are  well- documented  [11]  and  will  not  be  repeated 
here.  The  second  part  of  the  calibration  consists  of  the 
familiar  technique  of  using  three  well-characterized  stan¬ 
dards  to  determine  the  error  coefficients  in  the  four-port 
reflectometer  model.  The  extra  calibration  step  required 
for  six-port  reflectometers  can  be  inconvenient.  However, 
the  vast  simplification  in  circuit  hardware  that  results  from 
the  six-port  architecture  is  often  worth  the  inconvenience, 
particularly  at  submillimeter  wavelengths  where  complex 
or  intricate  circuit  designs  are  difficult  to  realize. 

III.  Design 

The  sampled-line  reflectometer  investigated  in  this  work 
consists  of  a  5  cm  section  of  rectangular  waveguide  and  a 
set  of  four  Schottkv  detector  diodes.  A  photograph  of  the 
reflectometer  is  shown  in  figure  2(a) .  The  waveguide  has  in¬ 
ner  dimensions  of  406  pm  x  787  pm,  resulting  in  single  mode 
propagation  over  the  190  GHz  to  370  GHz  band.  Shallow 
(125  pm  deep  x  178  pm  wide)  cross  channels  are  machined 
in  the  block  to  accommodate  microstrip  probes  for  sam¬ 
pling  the  standing  wave  inside  the  guide.  The  probe  spac¬ 
ing  is  195  (jlui.  corresponding  to  Ap/6  at  320  GHz.  In  addi- 
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Fig.  3.  Photograph  of  a  UVA  SC1T5  Schottky  diode  flip-chip 
mounted  to  a  microstrip  probe.  The  substrate  is  125  pm  thick  quartz. 


tion,  two  narrow  (100  pm  wide)  side  channels  are  machined 
parallel  to  the  primary  waveguide  channel  (see  figure  2(b)). 
These  side  channels  accommodate  quarter  wave  (A  0/4)  long 
bond  wires  that  are  used  as  dc  returns-to-ground  for  the 
Schottky  power  detectors.  The  entire  waveguide  block  was 
fabricated  by  Custom  Microwave,  Inc.  and  was  designed 
with  waveguide  flanges  that  mate  to  standard  WR-3  com¬ 
ponents. 

Sampling  probes  and  microstrip  lowpass  filters  for  the 
reflectometer  were  designed  with  the  use  of  Ansoft’s  High 
Frequency  Structure  Simulator.  To  minimize  perturbations 
to  the  standing  wave  being  sampled,  each  probe  was  de¬ 
signed  to  couple  no  more  than  5%  of  the  energy  in  the  guide 
to  the  detectors.  The  probes  and  filters  were  fabricated 
photolithographically  on  125  pm  thick  quartz  substrates. 
SC1T5  planar  Schottky  diodes  fabricated  at  the  University 
of  Virginia  were  then  flip-chip  mounted  onto  these  probes 
using  silver  epoxy.  These  devices  are  typically  used  for 
mixer  applications  at  600  GHz.  A  photograph  of  one  of 
the  probe  circuits  is  shown  in  figure  3. 

Commercial  calibration  standards  are  not  readily  avail¬ 
able  at  frequencies  significantly  higher  than  100  GHz.  Con¬ 
sequently,  a  set  of  custom-designed  standards  were  fab¬ 
ricated  along  with  the  reflectometer  waveguide  housing. 
These  standards  consisted  of  a  short-circuit  termination  or 
“plug”  and  two  offset  shims  of  lengths  33  mils  and  37  mils. 
The  shims,  and  their  combination  (70  mils  long),  are  used 
to  realize  three  offset  short-circuits.  These  loads  provide 
a  set  of  standards  that  can  be  used  to  calibrate  the  reflec¬ 
tometer  over  the  entire  270  GHz  to  360  GHz  band. 

IV.  Measurements 

The  experimental  setup  for  the  sampled-line  reflectome¬ 
ter  is  shown  in  figure  4.  A  mechanically  tunable  70  GHz 
to  105  GHz  Gunn  diode  oscillator  (Carlstrom  H208)  with 
output  isolator  is  used  as  the  source.  This  is  followed  by 
a  broadband  frequency  tripler  (model  WR-3.4-X3-LP)  de¬ 
signed  by  Virginia  Diodes,  Inc.  [12].  An  adjustable  atten- 
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Fig.  4.  Experimental  setup  of  the  sampled-line  reflectometer  for 
measurements  in  the  270  GHz  to  285  GHz  range. 


uator  placed  after  the  isolator  permits  control  of  the  input 
power  provided  to  the  tripler  and  reflectometer.  The  typi¬ 
cal  output  power  of  the  tripler  at  280  GHz  is  300  /zW.  DC 
bias  is  supplied  to  the  Schottky  detectors  with  commercial 
bias  supplies  (model  E3610A  by  Hewlett  Packard)  and  the 
output  current  of  the  detectors  is  monitored  with  a  set  of 
Keithley-2000  6^  digit  multimeters. 

A.  System  Calibration 

The  first  step  in  calibrating  the  sampled-line  reflectomc- 
ter  consists  of  converting  the  six-port  analyzer  to  an  equiv¬ 
alent  four-port  by  use  of  a  sliding  termination.  The  sliding 
short  used  in  this  work  was  designed  in-house  using  a  com¬ 
mercially  available  micrometer  with  a  custom-machined  fit¬ 
ting.  This  fitting  (shown  in  figure  5)  consists  of  a  cylindri¬ 
cal  brass  shim  of  length  1.8  cm  and  diameter  356  ^zm.  The 
shim  slides  into  a  waveguide  adaptor  (also  shown  in  fig¬ 
ure  5)  to  act  as  a  sliding  load.  The  complete  assembly  for 
the  backshort  is  shown  in  figure  5. 

With  P3,  P4.  and  P5  denoting  the  powers  measured  at 
three  of  the  six-port’s  detectors,  Engen  has  shown  that  a 
sliding  termination  traces  out  an  ellipse  in  the  P3/P5  — 
P4/P5  plane  [11].  Sliding  load  measurements  taken  with 
the  sampled-line  reflectometer  investigated  in  this  work  are 
shown  in  figure  6.  By  least-squares  fitting  an  ellipse  to  the 
data  at  each  frequency  point,  the  five  six-port  calibration 
constants  can  be  determined  [11]. 

The  second  calibration  step  for  the  reflectometer  consists 
of  using  three  well-characterized  standards  to  determine 
the  complex  coefficients  for  the  standard  one-port  error 
model.  In  this  work,  the  custom-made  short  circuit  and 
two  offset  shorts  previously  described  were  used  for  this 
calibration  step. 

B.  Waveguide  Measurements 

Initial  measurements  performed  on  the  system  indicated 
that  above  285  GHz,  the  output  power  of  the  tripler  was 
insufficient  to  be  measured  by  the  Schottky  detectors.  In 
addition,  above  300  GHz,  two  of  the  detectors  exhibited 
very  low  responsivities.  near  the  noise  floor  of  our  mea¬ 
surement  system.  It  is  quite  possible  that  this  behavior  is 
a  result  of  misalignment  and  other  imperfections  resulting 
from  manual  assembly  of  the  reflectometer.  Consequently, 


Fig.  5.  Photograph  of  the  sliding  backshort  assembly.  This  tunable 
short  was  used  in  the  six-port  calibration  procedure. 


Fig.  6.  Measured  “calibration  ellipses”  for  the  sampled-line  reflec¬ 
tometer  at  273  GHz  (•)  and  285  GHz  (o).  A  least-squares  fit  to  the 
data  provides  the  calibration  coefficients  for  the  six-port  to  four-port 
conversion. 

scattering  parameter  measurements  with  the  instrument 
were  performed  in  the  270  GHz  to  285  GHz  range. 

Verification  standards  are  unavailable  for  submillimeter- 
wave  frequencies  and,  as  a  result,  operation  of  the  reflec¬ 
tometer  was  evaluated  using  the  offset  shorts  designed  for 
calibration.  Because  only  two  offset  shorts  (of  lengths 
33  mils  and  37  mils)  are  used  in  the  calibration  proce¬ 
dure  for  the  270  GHz  to  285  GHz  range,  the  third  offset 
(70  mils)  can  be  used  as  a  check  to  verify  the  reflectome¬ 
ter  is  working  properly.  Remeasurement  of  the  standards 
used  for  calibration  can  provide  information  regarding  the 
repeatability  of  measurements. 

Figure  7  shows  the  measured  phase  of  Sn  for  the  three 
offset  shorts  over  the  270  GHz-285  GHz  band.  The  mea¬ 
sured  phase  is  close  to  that  predicted  using  an  ideal,  loss¬ 
less  short-circuited  waveguide  as  a  model  and  follows  the 
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Fig.  8.  Measured  magnitude  vs.  frequency  for  three  offset  short 

Fig.  7.  Measured  phase  vs.  frequency  for  three  offset  short  circuits.  circuits.  Also  shown  is  the  0  dB  reference  for  lossless  terminations. 


expected  slope  as  a  function  of  frequency.  It  should  be 
noted  that  no  waveguide  losses  are  accounted  for  in  either 
the  theoretical  curves  or  circuit  models  used  for  the  cali¬ 
bration  standards.  In  addition,  there  is  approximately  a 
±5  uncertainty  in  the  phase  measurements  arising  from 
use  of  the  Gunn  diode  source.  This  uncertainty  arises  from 
frequency  drift  of  the  device  as  well  as  small  errors  in  ad¬ 
justing  the  micrometers  used  for  frequency  tuning. 

Because  the  loads  measured  in  figure  7  are  ideally  loss¬ 
less,  the  magnitude  of  the  reflection  coefficient  is  expected 
to  be  near  0  dB.  Magnitude  measurements  performed  on 
the  offset  shorts  are  shown  in  figure  8.  In  general,  the  mea¬ 
surements  for  each  shim  average  near  the  expected  0  dB, 
but  some  data  deviate  substantially,  showing  significant  er¬ 
ror  in  the  calibration.  Sources  of  this  error  may  include  im¬ 
precise  modeling  of  the  calibration  standards,  repeatability 
in  connecting  the  waveguide  flanges,  and  the  low  power  lev¬ 
els  used  for  the  measurements.  Magnitude  measurements, 
in  particular,  are  relatively  sensitive  to  variations  in  power 
level  and  waveguide  losses.  The  phase  response,  on  the 
other  hand,  depends  primarily  on  the  delay  between  the 
measurement  reference  plane  and  the  load.  This  is  known 
with  good  precision  for  the  offset  shorts  and  probably  ex¬ 
plains  why  the  phase  measurements  shown  above  are  rela¬ 
tively  close  to  that  expected  from  theory. 

V.  Discussion 

In  this  paper  we  have  presented  and  demonstrated  a  six- 
port  reflectometer  for  scattering  parameter  measurements 
in  the  submillimeter  region.  Because  the  instrument  relies 
only  on  fundamental  submillimeter  components  (transmis¬ 
sion  lines  and  Schottky  detectors)  and  a  simple  architec¬ 
ture,  it  can  be  scaled  in  principle  to  frequencies  approach¬ 
ing  1  THz.  Future  work  will  focus  on  improvements  in 
the  system  calibration,  extension  of  the  instrument’s  fre¬ 
quency  range,  and  incorporation  of  monolithic  processing 
technologies  to  produce  an  integrated  instrument.  In  ad¬ 
dition,  the  reflectometer  will  benefit  from  improvements  in 
submillimeter-wave  source  technology. 
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